Microbial biofilms are problematic in industrial environments where large areas of submerged surfaces are exposed to relatively high nutrient fluxes, providing niches for the formation of copious surface-associated growth. Biofilms growing in drinking water distribution pipes cause deterioration in the microbiological quality of water contributing to the occurrence of water-borne diseases. Many bacteria are resistant to moderate levels of biocides, with bacteria in biofilms being the most difficult to control. Electrochemical activation (ECA) technology provides an alternative way of controlling these microorganisms. The main objective of this study was to evaluate an electrochemically activated solution, anolyte, as an environmentally safe disinfectant for the control of biofilms. Biofilms were grown using the Pederson device and then exposed to different concentrations of the biocide. Light microscopy and scanning electron microscopy were used to view the effect of treatment on the biofilm structure. Re-growth of the biofilm after treatment with anolyte was detected through epifluorescence microscopy after DAPI staining of the coupons. Neat (undiluted) and mildly dilute anolyte removed the biofilm while the more dilute anolyte did not have any effect on the biofilm. Re-growth of the biofilm occurred after 24 h of biofilm treatment with anolyte and anolyte-catholyte combination, showed by the increase in colony forming units. Re-growth of planktonic bacteria however, occurred only after 72 h of treatment.
Introduction
Microbial biofilms are problematic in a range of industrial environments where large areas of submerged surfaces are exposed to relatively high nutrient fluxes, providing niches for the formation of copious surface-associated growth Costerton et al., 1994; Videla, 2002) . Bacterial colonisation of surfaces in an aqueous environment is a basic strategy for survival in nature as nutrients are more available at the solid-liquid interface (Hoppe, 1984; Lawrence et al., 1987) . The resulting aggregates form micro-colonies which develop into biofilms (McCoy et al., 1981) . These biofilms promote corrosion of ferrous and other metals by the concerted metabolic activity of a number of biofilm-associated bacterial types (McLeod et al., 1998) , a process collectively termed microbially influenced corrosion (MIC). MIC comprises a number of specific mechanisms relating either directly or indirectly to the metabolic activity of a variety of micro-organisms, notably the action of sulphidogenic bacteria (Lee et al., 1995; Dawood and Brözel, 1998) . Bacteria colonising the processing equipment in the food industry may be an important source of bacterial contamination, and studies have shown that both spoilage bacteria like Pseudomonas spp. (HallStoodley and Stoodley, 2002) and pathogenic bacteria such as Listeria monocytogens may contaminate products directly from the processing environment (Bagge et al., 2001) . As the costs attributable to MIC and biofouling are high, effective control of bacterial numbers in an industrial aqueous environment is essential.
A range of bactericidal substances, commonly termed biocides or micro-biocides are available, all of which are claimed by their producers to kill bacteria occurring in aqueous systems quantitatively (Russel and Chopra, 1990; Chen and Steward, 2000; Videla, 2002) . Research has indicated that bacteria growing as biofilms are significantly more resistant to most antimicrobial agents known currently, so that methods for their control pose an ongoing challenge Costerton et al., 1994; Cochran et al., 2000; Russell, 2001; Gilbert et al., 2003; Ludensky, 2003; Vickery and Cossart, 2004) . According to Gilbert et al. (2003) , biocides are spectacular in their failure to control adherent biofilm communities, and developments to remedy the situation have been limited.
Large doses of biocide or antibiotics which are either detrimental to the environment or above toxic threshold, respectively, are required to eliminate biofilms (Gilbert et al., 2003) . Very little information is available on the biodegradability of biocides in natural water systems. This makes biocides hazardous from an environmental point of view. Chlorine is the most widely used oxidising biocide (Norwood and Gilmour, 2000; Meyer, 2003) ; however, it has its limitations. An environmentally sensible alternative to chlorine and other commonly used biocides is needed.
Electrochemically activated water may provide such an alternative. Water of varying mineralisation is passed through an electrochemical cell, the specific design of which permits harnessing of two distinct and electrically opposite streams of activated water. Aside from its distinctive attributes, the negatively charged antioxidant solution (catholyte) can also be channelled back into the anode chamber, thereby modulating the quality of the positively charged oxidant solution (anolyte) that is produced. Without maintenance of the activated stage these diverse products degrade to the relaxed state of benign water and the anomalous attributes of the activated solutions such as altered conductivity and surface tension similarly revert to pre-activation status. However, the heightened electrical activity and altered physico-chemical attributes of solutions differ significantly from the benign state, but yet remain non-toxic to mammalian tissue and the environment. ECA water is less toxic, less volatile, easier to handle, compatible with other water treatment chemicals, effective against biofilms and generates no by-products compared to currently used biocides (Leonov, 1997) . The objectives of this study were to evaluate the efficacy of the removal of biofilm by an NaCl anolyte and anolytecatholyte combination, and by NaHCO 3 anolyte.
Materials and methods

Production of ECA solutions
ECA solutions were kindly provided by Radical Waters (Pty.) Ltd., Midrand, South Africa. Description of the method of production is outlined by Marais and Brözel (1999) .
Biofilm growth and removal
A modified flow-through Pederson device was used to determine the removal of a Pseudomonas aeruginosa biofilm on stainless steel surfaces and on glass slides. Modifications of the Pederson device were as outlined by Cloete and Jacobs (2001). P. aeruginosa bacterial cells were allowed to attach themselves to glass slides and stainless coupons in nutrient broth (Merck, Pty. Ltd) for two weeks. Samples were removed before and after treatment with NaCl or NaHCO 3 anolyte. Tap water was allowed to flow through the reactor for 20 min before treatment with anolyte. The samples removed after treatment with tap water were used as control. The biofilm was exposed to different concentrations of anolyte for 20 min for each anolyte concentration. Anolyte dilutions used were 1:10, 1:100 and neat (undiluted) for NaHCO 3 anolyte and only 1:10 for NaCl anolyte. The experiment was performed starting from the less concentrated to the more concentrated anolyte solution. The glass slides were viewed under light microscope while the stainless steel coupons were prepared for scanning electron microscopy.
For biofilm treatment using NaCl anolyte and an anolytecatholyte combination, bacteria were allowed to adhere to stainless steel coupons for 168h in R2A broth (Merck (Pty.) Ltd). The experiment was allowed to proceed for 78 h. Samples were removed before treatment and hourly for 6 h following treatment. The anolyte-catholyte combination ratio of 2:1 and the anolyte were used at a concentration of 1:10. Some of the coupons were used for epifluorescence microscopy while others were prepared for SEM. For both the NaCl anolyte and anolyte-catholyte combination experiments a control system, using dam water with no added biocide, was included.
Light microscopy
Microscope slides were removed from the modified Pederson device before and after treatment with biocides. The attached bacteria were observed under oil immersion using a Nikon Optiphot light microscope fitted with a DXM1200 Nikon digital camera.
Scanning electron microscopy
Coupons (25 x 27 x 1 mm) were removed from the modified Pederson device after 20 min exposure to anolyte solutions. The removed coupons were rinsed with sterile distilled water for 30 s to remove any unattached cells, then fixed for SEM by the following series of treatments: 2.5% gluteraldehyde (30 min); 0.15 M phosphate-buffer (3 x 15 min); 50% ethanol (1 x 15 min); 70 ethanol (1 x 15 min); 90% ethanol (1 x 15 min) and 100% ethanol (3 x 15 min). The coupons were thereafter dried in a critical point dryer, mounted on studs and coated with gold plasma and examined using the JEOL JSM 840 scanning electron microscope.
4, 6-diamidino-z-phenylindole (DAPI) staining
The coupons were removed from the Pederson device and rinsed with sterile distilled water for 30 s to remove any unattached cells. The coupons were then stained with DAPI stain for epifluorescence microscopy. Attached bacteria were observed under oil immersion using epifluorescence microscopy. Ten randomly chosen microscope fields were counted under the 800 x magnification.
Total bacteria counts
The total number of viable bacteria in the planktonic phase was determined before biocide addition and after 6 h of treatment with biocide. An 0.1 mℓ aliquot of the bacterial suspension was plated out on R2A agar plates in duplicates. The plates were incubated for 24 h at ambient temperature to simulate experimental conditions.
Results and discussion
Biofilm treatment with sodium bicarbonate anolyte
Scanning electron microscopy has been used by various researchers to show the presence of biofilms on different surfaces and also to visually estimate biofilm removal from these surfaces by use of biocides (Marais and Brözel, 1999; Cloete and Jacobs, 2001; Gilbert et al., 2003; Pajkos et al., 2004; Vickery and Cossart, 2004) . A matured biofilm had formed on both the glass and stainless steel surfaces within four weeks (Figs. 1A and 2A) as indicated by light and scanning electron microscopy pictures, respectively. This correlates with a similar study by Cloete and Jacobs (2001) who observed in their study that P. aeruginosa readily adhered to the 3CR12 stainless steel coupons and glass in the control system (absence of surfactants). Exposure of the biofilm to a 1:100 dilution of NaHCO 3 anolyte did not yield any noticeable removal of biofilm both from the glass slide and the stainless steel coupons (Figs. 1B and 2B ). The biofilm structure remained intact as though the biofilm was not subjected to any treatment with a disinfectant. A 1: 10 and a neat (undiluted) solution of anolyte disrupted and removed the biofilm that had formed on the surface of both materials tested after a 20 min exposure ( Figs. 1C and 1D; Figs. 2C and  2D ). The bigger surface areas on both the glass slides and stainless steel coupons were either clean, or had only a few single bacterial cells. The bacteria found after treatment with 1:10 or neat anolyte were not in clumps as were those found on surfaces treated with 1:100 anolyte dilutions. Thus, removal of biofilm was achieved with the 1:10 dilution or neat anolyte. These results are in agreement with those of Marais and Brözel (1999) , who indicated that a mature biofilm present on inner surfaces of dental water unit line tubing was destroyed and removed after 5 weeks of ECA water use. The difference between our study and the latter is that in our case exposure time was much shorter (20 min) compared to 5 weeks; nevertheless, ECA solutions were efficient. 
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Biofilm treatment with NaCl anolyte and anolytecatholyte combination
The 1:10 anolyte solution effectively removed a mature P. aeruginosa biofilm within 6 h (Figs. 3C, 3D and 3E ). The anolyte also reduced the planktonic numbers of bacteria from 2.41 x 10 7 cfu/mℓ to <10 cfu/mℓ during the same period (Table 1) . The anolyte killed bacteria in the biofilm within 1 h indicated by fading of the DAPI stain and the decrease in the size of micro-colonies (Fig. 3C) . The surface of the coupon after 6 h of treatment with 1:10 anolyte (Fig. 3E ) was nearly as clean as the surface of the coupon with no biofilm growth (Fig. 3A) .
Overall, removal of biofilms by both anolytes could be attributed to the presence of free radicals and other antimicrobial agents in these solutions. The free radicals and other antimicrobials present are ClO 2 , ClO -, H 2 O 2 , HO 2 -, NaOH, O 2 , O 3 , HClO, Cl 2 , OH. Most of these compounds are acidic and have oxidising properties (Leonov, 1997) .
The system was operated for a further 72 h to determine whether biofilm re-growth would occur. Re-growth of the biofilm was observed after 24 h of treatment (Fig. 3F) shown by the increase in the number and fluorescence intensity of the microcolonies compared to those after 6h of treatment (Fig. 3E) . Regrowth of planktonic bacteria also occurred as reflected by the increase in cfu to 1.33 x 10 6 cfu/mℓ after 72 h (Table 1) . These results are in agreement with Brözel and Cloete (1992) who indicated that re-growth normally occurs within 48h after biocide treatment. Re-growth can be attributed mainly to two factors:
• Firstly, in some instances, a microbial population shift may occur to organisms resistant to the biocide 
(B) 1 h, (C) 2 h, (D) 3 h, (E) 4 h and (F) 24 h after treatment with NaCl anolyte/catholyte combination
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• Secondly, the biocide is "consumed" by organic matter allowing the re-growth of the surviving bacteria.
Gilbert et al. (2003) also mentioned poor penetration of antimicrobials to certain deeper lying communities, exposing these organisms to sublethal levels of antimicrobials over a prolonged time, subjecting them to selection pressures for increased drug resistance and for survival in nutrient depleted environments. Codony et al. (2005) indicated that neutralisation of chlorine in drinking water systems by addition of another chemical, sodium thiosulphate, accelerated the development of microbial communities with reduced susceptibility to disinfection. This could be eliminated through the use of ECA solutions as, when inactivated, they return to a stable state, which is in fact pure water (Leonov, 1997; Marais and Brözel, 1999) . As a result the organisms that still remain after treatment will then be in an environment without sublethal concentrations of biocide, or even better without any biocide, and this may reduce or minimise the shift to biocide resistance. Scanning electron micrographs of the biofilm behaviour before and after treatment with NaCl anolyte/catholyte combination is indicated in Fig. 4 . Surface colonisation could clearly be seen by numerous micro-colonies. These micro-colonies are still visible after 2 h and 3 h of treatment.
The micro-colonies seen after 2 h and 3 h of treatment are, however, fewer in numbers and smaller in size than those at 0 h and 1 h (Figs. 4C and 4D) . After 4 h and 24 h of treatment very few micro-colonies were observed and the biofilm was no longer noticeable (Figs. 4E and 4F) .
The anolyte-catholyte (2:1) solution added at a 1:10 ratio effectively removed the mature P. aeruginosa biofilm within 3 to 4 h (Fig. 5D ). There was no removal of biofilm within 1 h after treatment with anolyte-catholyte combination though there was a noticeable dispersion of the biofilm structure (Fig. 5B) . The dispersion and removal of biofilm by anolyte-catholyte combination was due to a combination of oxidising properties of anolyte (Leonov, 1997) and detergent or cleaning effect of catholyte (Marais and Brözel, 1999) . Though SEM results showed no difference in the biofilm structure after 4 h and 24 h of treatment (Figs. 4E and 4F), DAPI staining indicated re-growth of the biofilm after 24 h (Fig. 5F ). This difference was attributed to the difference in the method of preparation of DAPI and SEM, where the preparation of slides for DAPI is less harsh than for SEM. DAPI staining does not involve a series of dehydration steps required for the SEM preparation procedure, which negatively affect biofilms (Law et al., 2001) . When coupons were dehydrated by a series of increasing concentrations of ethanol the re-growing cells might have been washed out as there may not have been enough extracellular polymeric material already produced to firmly attach re-growing cells to the coupon. Re-growth of the planktonic bacteria occurred after 72 h of treatment with the anolyte-catholyte combination (Table 1) .
Conclusions
• Neat (undiluted) NaHCO 3 analyte and 1:10 dilutions of both the NaCl and NaHCO 3 derived anolytes effectively removed the mature P. aeruginosa biofilm • No noticeable biofilm removal was observed when more dilute (1:100) of both anolytes was used, indicated by the intact biofilm structure • NaCl anolyte-catholyte combination effectively removed a mature biofilm, reducing the bacterial numbers from >10 7 cfu/mℓ to less than 10 cfu/mℓ within 6 h • Re-growth of the micro-organisms after treatment with ECA solutions was quicker in biofilms than planktonic cells, occurring after 24 h and 72 h, respectively • ECA solution has the potential to serve as an environmentally safe disinfectant for the control of biofilms.
